Although proteases represent an estimated 5% to 10% of potential drug targets, inhibitors for metalloproteases (MPs) account for only a small proportion of all approved drugs, failures of which have typically been associated with lack of selectivity. In this study, the authors describe a novel and universal binding assay based on an actinonin derivative and show its binding activities for several MPs and its lack of activity toward all the non-MPs tested. This newly developed assay would allow for the rapid screening for inhibitors of a given MP and for the selectivity profiling of the resulting hits. The assay has successfully enabled for the first time simultaneous profiling of 8 well-known inhibitors against a panel of selected MPs. Previously published activities for these inhibitors were confirmed, and the authors have also discovered new molecular targets for some of them. The authors conclude that their profiling platform provides a generic assay solution for the identification of novel metalloprotease inhibitors as well as their selectivity profiling using a simple and homogeneous assay. (Journal of Biomolecular Screening 2008:285-294) Journal of Biomolecular Screening 13(4); 2008 www.sbsonline.org 293 FIG. 5. Selectivity profiling of metalloprotease inhibitors (MPIs) using the generic fluorescence polarization competition assay for metalloproteases (MPs). (a) Inhibition profile for the panel of MPs. (b) Selectivity profile of the panel of MPIs.
INTRODUCTION
O UR UNDERSTANDING OF THE ROLE OF PROTEASES has evolved from protein-degrading enzymes purely responsible for food digestion and intracellular protein turnover to important signaling molecules involved in complex pathways. 1, 2 Proteases regulate a large number of biological processes, including cell cycle progression, proliferation, death, migration, and the immune system. 1 Proteases account for approximately 2% of the human genome, with 500 to 600 proteases identified to date; it is estimated that proteases may represent 5% to 10% of the potential drug targets. 1, 2 Drugs targeting proteases encountered early successes, such as the widely used angiotensin-converting enzyme inhibitors 1 or the proteasome inhibitor bortezomib. 3 Matrix metalloproteinases (MMPs) were also considered as attractive cancer targets because of their involvement in angiogenesis and metastasis through degradation of the extracellular matrix (ECM). After encouraging preliminary results in cancer models, several matrix metalloproteinase inhibitors such as batimastat were progressed to clinical trials but eventually failed because of severe side effects and/or lack of efficacy. 1, [4] [5] [6] It was later discovered that MMPs promote tumor progression not only through ECM degradation but also through signaling functions. 2 Although some MMP functions contribute to counter apoptosis, organize angiogenesis, and promote metastasis and tumor growth, thereby constituting targets for antitumor agents, some MMP functions also protect the host, for example, by organizing the innate immune response. 2 This dual role of MMPs in cancers explains for a big part the failure of MMP inhibitors in clinical trials. It is therefore important for future drug development to distinguish MMPs that contribute to tumor progression (targets) from those necessary for host defense (antitargets).
Most published MMP inhibitors contain a strong chelating moiety such as a hydroxamic acid. 7 This is because most of the binding energy to MMPs for these compounds is derived from the interaction between the chelating moiety and the ion in the active site. 2, 7 These agents therefore do not discriminate well between different MMPs 2, 7 or even between metalloproteinases (MPs). 2, 8 For example, an activity-based probe derived from the broadspectrum MMP inhibitor ilomastat (GM6001; see Table 1) , which was in clinical development for patients with advanced cancer but later abandoned, was shown to target the nonrelated MPs neprilysin, leucine aminopeptidase, and dipeptidyl peptidase III. 8 The observation that most existing MMP inhibitors are broad metalloprotease inhibitors (MPIs), when put in perspective with the absolute necessity to spare the antitarget MMPs, is key to explain their failure in clinical trials.
Peptide deformylase (PDF) inhibitors have long been sought as antimicrobial agents. The discovery that actinonin inhibits PDF oriented research efforts toward peptidomimetic, hydroxamic acid-based inhibitors. 9 Hence, the general structure of most current PDF inhibitors is similar to that of most current MMP inhibitors. 7, 10 Although some of these compounds entered the clinic, their development was eventually halted. Concerns were raised about the selectivity of this class of compounds versus human metalloproteases. 11 Hydroxamic acid-based PDF inhibitors are likely to target other MPs because most of the binding energy for these compounds is derived from the chelation of the metal ion in the active site of MPs. 7 Furthermore, actinonin has potent activity against various other MPs such as aminopeptidases M and N, leucine and alanyl aminopeptidases, enkephalin aminopeptidase, dipeptidyl aminopeptidase, enkephalinase A, and meprin α and β 12,13 ( Table 1) .
The lack of commercially available profiling reagents and services for MPs, as we encountered upon completion of our screening efforts for inhibitors of human peptide deformylase (HsPDF) (Antczak et al., manuscript in preparation), have prompted us to conceptually design a simple and generic assay. We envisioned that the lack of selectivity of actinonin could be turned into an advantage. We had previously designed a probe based on a derivative of actinonin, which allowed us to develop a fluorescence polarization (FP)-based competition assay for HsPDF. 14 We hypothesized that the promiscuous activity of actinonin was probably not limited to its currently described targets, and therefore we reasoned that our probe might allow us access to a wider range of MPs. In this article, we describe a profiling platform that allows not only the identification of novel MPIs but also their selectivity profiling using this simple, generic, homogeneous, and cost-effective assay. We also demonstrate the proof of principle of this novel approach and discuss its implications for the prioritization of high-throughput screening (HTS) obtained hits for MPs.
MATERIALS AND METHODS

Reagents
The metalloprotease panel was constituted with human recombinant proteins unless specified otherwise. MMP-1, -2, -3, -7, -8, -9, -10, -11, -12, -13, -14; ADAM12; neprilysin; sirtuin 3; histone deacetylase 8; and the 20S proteasome were purchased from Biomol International L.P. ( Actinonin was purchased from Sigma-Aldrich Co. TAPI-0, NNGH, GM6001, Z-PLG-NHOH, bestatin, SB-3CT, CL-82198, Arg-AMC, and AMC were purchased from Biomol International L.P.
Generic FP competition assay for metalloproteases
For assay development and dose-response studies, the FP competition assay was performed in a 384-well format as follows. Tested compounds or high/low controls were added to the wells at a volume of 2 μL. Low controls consisted of actinonin at a final concentration of 100 μM in 1% DMSO (v/v). High controls consisted of 1% DMSO (v/v). The tested metalloprotease was diluted in the assay buffer (25 mM HEPES, 50 mM NaCl, 0.005% Tween-20, pH 7.5), and 10 μL was added to the 384-well microplates (low volume, round bottom, nonbinding surface [NBS] treated, Corning #3676). After addition of the metalloprotease, the 384-well microplates were preincubated for 1 h at room temperature. Then, 8 μL of the probe SKI-267088 in solution in assay buffer was added to the wells at a final concentration of 5 nM. After a 1-h incubation at room temperature, the fluorescence polarization was read using the Amersham LEADseeker™ Multimodality Imaging System equipped with Cy3 excitation/emission filters (λ ex = 525/50 nm; λ em = 580/20 nm) and Cy3 FP epi-mirror. The system was calibrated as per the manufacturer's recommendations using 2 uniformly dispensed well plates: a buffer background and a solution of the dye in the same buffer. The saved background image was automatically subtracted, calibration correction applied, and the system outputs I ⎜⎜ , I ⊥ , I total , and mP values of each well according to polarization (mP) = 1000 × (I ⎜⎜ -G × I ⊥ )/(I ⎜⎜ + G × I ⊥ ) with I ⎜⎜ = intensity of fluorescence parallel configuration, I ⊥ = intensity of fluorescence perpendicular configuration, and G = "G-factor" (optical normalization).
Aminopeptidase N pilot screen using the FP competition assay
For the pilot screen with aminopeptidase N (APN), the FP competition assay was performed in a 1536-well format (black polystyrene, Corning #3724) according to the following protocol. Tested compounds or high/low controls were added to the wells at a volume of 1 μL for a final concentration of 10 μM using a custom-designed 384 head on a TPS-384 Total Pipetting Solution (Apricot Designs, Monrovia, CA). APN in the assay buffer was dispensed at a volume of 5 μL for a final concentration of 1 μM using a FlexDrop IV (PerkinElmer, Waltham, MA). After 1 h of preincubation, 4 μL of the probe SKI-267088 in solution in assay buffer was added to the wells at a final concentration of 5 nM using FlexDrop. FP measurement was conducted 1 h later as described above.
Functional assay for Aminopeptidase N
We adapted to a 384-well format in a final volume of 20 μL an assay relying on the fluorogenic substrate arginine-7-amino-4methylcoumarin (Arg-AMC) for aminopeptidases. Briefly, the calibration standard AMC (7-amino-4-methylcoumarin) was used to identify the linear range for this fluorophore with our PerkinElmer VICTOR3 V™ Multilabel counter using λ ex = 380 nm and λ em = 460 nm. A standard curve was established within the linear range to convert fluorescence units into moles of converted substrate. Kinetic experiments with varying enzyme concentrations allowed us to determine the initial velocity conditions for this reaction. Finally, kinetic experiments with varying substrate concentrations allowed us to determine the Km (28 μM) for the substrate Arg-AMC with 5 nM APN. The optimized protocol was as follows: tested compounds or high/low controls were added to the wells at a volume of 2 μL. Low controls consisted of actinonin at a final concentration of 100 μM in 1% DMSO (v/v). High controls consisted of 1% DMSO (v/v). APN was diluted in the assay buffer (25 mM HEPES, 50 mM NaCl, 0.005% Tween-20, pH 7.5), and 10 μL at 10 nM was added to the 384-well microplates (low volume, round bottom, NBS treated, Corning #3676). After addition of APN, the 384-well microplates were preincubated for 1 h at room temperature. Then, 8 μL of the substrate Arg-AMC in solution in assay buffer was added to the wells at a final concentration of 30 μM. After a 1-h incubation at room temperature, the fluorescence was read using the PerkinElmer VICTOR3 V™ Multilabel counter. The chemical structure, category of inhibitor and known targets are detailed for each MPI.
Dose-response studies
In each assay, the signal inhibition induced by the compounds was expressed as a percentage compared with high and low controls located on the same plate, as defined as percent inhibition = (high control average -read value)/(high control average -low control average) × 100. The dose response was assessed in triplicate and using 12-point doubling dilutions with 100, 10, or 1 μM compound concentration as the upper limit. The values were averaged, and the dose-response curve was fitted as a logistic 4parameter sigmoid using SigmaPlot 9.0 (Systat Software Inc., San Jose, CA). This allowed us to calculate the IC 50 for the tested compounds.
Chemical libraries, automation system, and screening data management
The library used for the APN pilot screen is constituted of 1408 chemicals obtained commercially from MicroSource (Gaylordsville, CT). For the APN pilot screen, compounds were plated at a volume of 1 μL using a TPS-384 Total Pipetting Solution (Apricot Designs). For the dispensing of APN and of SKI-267088 in 10 μL, a Multidrop 384 (Thermo Electron Corporation, Waltham, MA) was used. The screen was performed on a fully automated linear track robotic platform (CRS F3 Robot System, Thermo Electron, Canada) using several integrated peripherals for plate handling, liquid dispensing, and fluorescence detection. Screening data files from the Amersham LEADseeker™ Multimodality Imaging System or from a PerkinElmer VICTOR3 V™ Multilabel counter were loaded into the HTS Core Screening Data Management System, a custom-built suite of modules for compound registration, plating, and data management that is powered by ChemAxon Cheminformatic tools (ChemAxon, Hungary).
Metalloprotease phylogenic tree
The phylogenic tree for the superfamily of metalloproteases is based on the human members of the metalloprotease clan as designated by the MEROPS database. 15 ClustalW was used to generate a pairwise alignment, and the Hypertree program was used for tree display.
RESULTS
A universal binding assay for metalloproteases
To test the hypothesis that our probe could provide the basis for a generic FP binding assay for MPs, we constituted a panel of 32 proteases to include 24 MPs representative of all major families of MPs (16 of them are commercially available) ( Fig. 1) and 8 non-MPs as negative controls (all commercially available). We tested the binding of the probe to increasing concentrations of protein in a unique and simple assay with identical conditions for all tested proteins. The probe bound to 16 of the 24 MPs tested and to none of the non-MPs (Fig. 2) . This important result confirms our hypothesis that in fact the FP probe binds to a wide variety of MPs. Using the fitted binding curves (Fig. 2) , we selected 16 MPs to constitute our profiling platform based on an observed or projected signal window of at least 130 mPs at 5 μM ( Table 2) . To further validate the utility of our probe under these chosen conditions, we selected a panel of 8 widely used and commercially available MPIs ( Table 1) . We sought to confirm that the binding of our probe to a given MP could be prevented by its known inhibitors. For this purpose, we tested the dose-dependent displacement of the probe from APN. We chose this enzyme because it is commercially available and well characterized, and 2 inhibitors in our panel are well-characterized inhibitors for this enzyme ( Table 1) . To our surprise, 6 of the 8 inhibitors in our panel inhibited the binding of the probe to APN in a dosedependent manner (Fig. 3a) . To further evaluate this result, we retested the 8 inhibitors in a functional assay for APN. 16 The 6 inhibitors identified in our generic assay were found to be active in the functional assay (Fig. 3b) . Importantly, the relative potencies of each inhibitor in the FP assay correlated with their observed potencies in the functional assay: TAPI-0 > actinonin > GM6001 > NNGH > Z-PLG-NHOH > bestatin. To our knowledge, this result constitutes the first observation of the inhibitory activities of TAPI-0, GM6001, NNGH, and Z-PLG-NHOH toward APN. This result also validates the use of our generic assay to characterize the potency of MPIs across the MP platform. 
A pilot screen for APN inhibitors using the generic assay
We performed a pilot screen using APN as a target and against a library of 1408 compounds. We first adapted the assay to a 1536-well format, in a final volume of 10 μL. The adaptation of the assay in a high-density format and performing the control experiments took no longer than 1 afternoon to complete. Each compound of the library was tested at 10 μM concentration in 1% DMSO (v/v). We spiked the assay plates in duplicates at the same concentration with actinonin, bestatin, CL-82198, and the newly identified APN inhibitor NNGH (Fig. 3) . The screen was performed in duplicate to assess the reproducibility of the assay in high-density format and its amenability to automation. Each assay plate contained high (1% DMSO v/v) and low (100 μM actinonin in 1% DMSO v/v) controls that allowed us to calculate a percentage inhibition for each tested compound and to evaluate the robustness and performance of the assay in HTS conditions. For that purpose, we measured the coefficients of variation (CVs) and the Z′ factor during the screen as previously reported. 14 We found that the data for both duplicate sets of values were tight, with CVs of 2% and 6% for the high and low controls, respectively. In combination with a signal to background ratio of about 4:1, this resulted in a Z′ value of 0.86 and 0.87 for set 1 and set 2, respectively, indicative of an excellent assay performance and robustness. This Z′ value is similar to that obtained during our previously reported pilot screen for HsPDF inhibitors using the same probe, 14 indicating that the generic assay we developed performs similarly well for different MPs. The results of the screen are depicted in a scatterplot (Fig. 4) . A good correlation for the scatterplot (R 2 value of 0.87) and the absence of outliers indicate a good reproducibility between the duplicate sets of data. At a 50% threshold, and not including the spiked inhibitors, 6 positives were identified, translating into an initial positive rate of 0.4%. Each occurrence of the spiked inhibitors actinonin, bestatin, and NNGH was identified as a positive during the screen (Fig. 4) . As expected, the specific MMP-13 inhibitor CL-82198 did not inhibit APN during the screen (Fig. 4) . An interesting observation was that actinonin, which is included in the MicroSource library, was among the 6 positives identified in the pilot library. This result is indicative of the robustness of the assay in identifying APN inhibitors. Interestingly, among the positives identified during this screen were SKI-209327, SKI-210485, SKI-218268, and SKI-210394, all of them previously identified as fluorescent or quenching compounds. 14 This result further indicates the good reproducibility of the generic assay even when used with different MPs. We conclude from this pilot screen that the assay can be conveniently used to screen for inhibitors of different MPs.
Selectivity profiling of MPIs
We envisioned that our integrated platform consisting of 16 MPs could provide a means to perform selectivity profiling of compounds in a similar fashion to that of the widely available and used kinase profiling. For this purpose, we tested the activity of a panel of 8 commercially available MPIs at 3 concentrations-100, 10, and 1 μM against APN, MMP-1, MMP-2, MMP-9, E. coli PDF (EcPDF), and HsPDF-results of which are summarized as heat maps grouped per target (Fig. 5a) . From this matrix, it is obvious that the closely related enzymes MMP-2 and MMP-9 (gelatinases) show a very similar profile, distinct from that of the collagenase MMP-1. Also and not surprising, the inhibition profile for the human and bacterial PDFs are very similar. These results demonstrate the validity of our profiling method, in that it attributes similar inhibition profiles to closely related enzymes. Another observation to note is that all the hydroxamic acid-based MPIs inhibited APN (Fig. 5a) . This was an unexpected result, as actinonin and bestatin are the only reported APN inhibitor ( Table 1) . We then defined the selectivity profile for each MPI (Fig. 5b) . Actinonin showed an expected profile as a promiscuous MP inhibitor, having inhibitory activity toward every MP tested. We also show that the broad MMP inhibitors TAPI-0, NNGH, and GM6001 were active against all MMPs. Interestingly, the compound Z-PLG-NHOH showed a stronger inhibitory activity toward MMP-2 and MMP-9. This compound is indeed known to be particularly potent toward MMP-2 and MMP-9 with inhibitory activities in the submicromolar range (Biomol International L.P.) but less potent toward collagenases (IC 50 = 40 μM). 17 This result is important because it demonstrates that our profiling method can distinguish differences in activities for closely related compounds. TAPI-0 and GM6001 inhibited both EcPDF and HsPDF in agreement with the previously reported activity of these compounds toward chlamydial PDF. 18 In contrast, the MMP inhibitors NNGH and Z-PLG-NHOH were inactive toward PDFs. These results are in perfect agreement with the described activities for these MPIs ( Table 1 ) and further demonstrate the accuracy of our profiling method. Remarkably, bestatin was selective toward APN in the panel of MPs tested (Fig. 5b) , which is consistent with its described range of activity ( Table 1) . The mechanism-based inhibitor of MMP-2 and MMP-9 SB-3CT did not prevent the binding of the probe to those enzymes. This is an expected result because the standard conditions we are employing to observe probe binding are not necessarily compatible with mechanismbased inhibitors. The compound CL-82198 was inactive in our assay against the various MPs tested (Fig. 5) . This result is in agreement with the reported selectivity of this inhibitor for MMP-13. 19 However, we did not confirm its activity in the assay with MMP-13.
Taken together, the observed activities for our panel of 8 MPIs correlate well with their described activities in enzymatic assays. We conclude that our integrated platform allows a remarkably accurate selectivity profiling of MPIs across diverse MPs using a simple and convenient assay.
DISCUSSION
In this article, we describe a novel method allowing for the first time the selectivity profiling of MP inhibitors. Unlike for kinase inhibitors, where profiling is routinely performed and commercially available, 20,21 the testing of the activity of a large series of MPIs across a panel of MPs has been prohibited by the need to use 1 enzymatic assay per MP tested. For many MPs, the nature of the assays available limits their use for the testing of a large number of compounds because of high volume requirements, low sensitivity, and constraints of time and cost. 22 Based on our previous findings, we speculated that we could address this major issue by turning the nonspecific MP inhibitor actinonin into a universal probe for MPs. Our results show that in fact it is the case, and an FP probe based on an analog of actinonin bound to 16 of the 24 MPs tested and provided a sufficient signal window for a robust assay ( Table 2) . The MPs to which the probe binds are representative of the various families of MPs (Figs. 1, 2) . Importantly, the probe bound specifically to MPs and not to representatives of other categories of proteases (trypsin, thrombin, 20S proteasome, DPPIV, cathepsin B, SirT3), to other metal-containing enzymes (HDAC8), or to bovine serum albumin (BSA; Fig. 2d ). We conclude that we have discovered the first universal FP-based probe for MPs. To validate our integrated platform for MPI profiling, we tested the activities of 8 well-described MPIs across a panel of 6 MPs. The concordance between our results and the described activities for these compounds in enzymatic assays ( Table 1) clearly demonstrates the strength of our method: a unique assay allowed us to provide an accurate selectivity profile for all nonmechanism-based MPIs. The FP competition assay for MPs we developed allowed us to identify not only the classical activities for these compounds, such as the inhibition of MMPs by the hydroxamic acid-based compounds, but also less known activities such as the inhibition of PDFs by GM6001 and TAPI-0, which was reported only recently. 18 Similarly, we report that the MPIs TAPI-0, GM6001, NNGH, and Z-PLG-NHOH have inhibitory activity in our generic FP competition assay toward APN. This result was confirmed in a well-described functional assay for APN, 16 where the relative potencies for each inhibitor were identical in both assays (Fig. 3) . This new observation is in agreement with a report describing the targeting of an activity-based probe derived from ilomasat to leucine aminopeptidase 8 because leucine aminopeptidase is closely related to APN. This experiment perfectly illustrates the importance of our newly developed method for the discovery of previously unknown activities for MPIs.
Profiling of Metalloprotease Inhibitors
Kinase inhibitors have proven more successful drugs than MPIs maybe in part because automated screens and profiling are routinely conducted for these compounds, allowing the discovery of selective inhibitors such as imatinib. In this article, we describe the development and validation of an integrated platform that allows the identification of novel inhibitors of MPs with an added bonus of accurately profiling the obtained inhibitors against other MPs. Because our platform relies on an FP competition assay amenable to HTS, the identification or the profiling of novel MPIs can easily be automated and conducted in parallel for an entire panel of MPs. Furthermore, because the binding of the probe is observed in conditions common to all MPs, our competition assay allows access to the profiling of inhibitors on protein chips as currently performed for kinases on microarrays. 20 For these reasons, we anticipate that our method should dramatically help the discovery of more selective, and therefore more successful, drugs targeting MPs.
